We study the single-spin asymmetries with the sin φS and sin(2φ h − φS) angular dependences for charged and neutral pions produced in semi-inclusive deep inelastic scattering on the transversely polarized proton target. The theoretical interpretations of the two asymmetries are presented in terms of the convolution of the twist-3 quark transverse momentum dependent distributions and twist-2 fragmentation functions. Specifically, we investigate the role of the distributions fT , hT and h ⊥ T in the sin φS asymmetry, as well as the role of the distributions f ⊥ T , hT and h ⊥ T in the sin(2φ h −φS) asymmetry. We calculate these distributions in a spectator-diquark model and predict the corresponding asymmetries for the first time, considering the kinematics at HERMES, JLab and COMPASS. The numerical estimates show that the asymmetries are sizable, and the dominant contribution to the sin φS asymmetry comes from the T-odd distribution fT , while f ⊥ T gives the main contribution to the sin(2φ h − φS) asymmetry. The future measurements on these asymmetries can shed light on the information of twist-3 transverse momentum dependent distributions.
I. INTRODUCTION
Transverse spin phenomena of the nucleon in scattering processes have received a lot of attention in recent years since they provide new insights on the understanding of hadron structure (for reviews see [1] [2] [3] ). Particularly, an ideal tool to probe the transverse spin structure of the nucleon is the single-spin asymmetry (SSA) in semiinclusive deep inelastic scattering (SIDIS) off the transversely polarized target, as reflected in numerous studies from both theory and experiment. The typical transverse SSAs appearing in SIDIS are the Sivers asymmetry [4, 5] and the Collins asymmetry [6] . The Sivers asymmetry has a sin(φ h − φ S ) modulation, where φ h and φ S are the azimuthal angles of the detected hadron and the nucleon spin with respect to the lepton scattering plane. It involves the convolution of the Sivers function [7, 8] that is a T-odd transverse momentum dependent (TMD) distribution function, and the ordinary unpolarized fragmentation function (FF). The Collins asymmetry has a sin(φ S + φ h ) azimuthal angular dependence, and can be interpreted in terms of the transversity distribution function [9] , combined with the Collins FF [6] . A remarkable feature of the above mentioned asymmetries is that they appears at leading twist, thereby those effects should not be unsuppressed at high energies. Indeed significant asymmetries were measured by the HERMES Collaboration [10] [11] [12] , the COMPASS Collaboration [13] [14] [15] [16] [17] [18] and Jefferson Lab (JLab) Hall A Collaboration [19, 20] . The corresponding data have been utilized to extract [21] [22] [23] [24] the Sivers function and transversity distribution, within the TMD factorization [25] . At leading twist there is * Electronic address: zhunlu@seu.edu.cn † Electronic address: mabq@pku.edu.cn another transverse SSA, related to the pretzelosity distribution [26] [27] [28] , and it was measured by the Hall A Collaboration [29] through its characteristic sin (3φ h − φ S ) moment very recently.
However, the leading-twist SSAs do not exhaust all possible azimuthal dependences in SIDIS off a transversely polarized target from an unpolarized lepton beam. As shown in Refs. [30, 31] , theoretically there are two more angular modulations (assuming one photon exchange), the sin φ S and the sin(2φ h −φ S ) moments, appearing in the the process lN ↑ → l ′ + h + X. Experimentally there is also an attempt [32] to measure those asymmetries. The leading-twist dynamics cannot account for them. According to the analysis in Ref. [31] , in the partonic picture, these asymmetries can be explained by the convolution of various twist-3 distribution/fragmantation functions with twist-2 fragmentation/distribution functions. Although the transverse spin asymmetries from the dynamical subleading-twist effects can shed light on the transverse spin structure of the nucleon at twist 3, there are still less systematic studies and calculations on the sin φ S and sin (2φ h − φ S ) asymmetries in literature, especially from the phenomenological point of view. We notice that sizable spin asymmetries related to subleading-twist dynamics have already been measured in other SIDIS processes, such as the longitudinal-target SSA [33] , as well as the longitudinal-beam SSA [34] [35] [36] [37] . Therefore it will be quite necessary to investigate also the roles of twist-3 TMD distributions and FFs in the transverse SSAs, and to study the feasibility of experimental measurements on them, which are the main purpose of this work.
Both twist-3 distributions and FFs could give rise to the transverse SSAs. In this paper, we will focus particularly on the contributions from twist-3 distributions. We note that in the common reference frame [38] used to analyze SIDIS, the interaction-dependent twist-3 FFs (denoted with a tilde) also appear in the convolution. In practical calculation these FFs may be set to zero in the Wandzura-Wilczek approximation [39] . However, recent studies [40] [41] [42] on the contributions of the chirally and time-reversal odd FFs to the SSA in proton-proton collisions within the collinear twist-3 factorization, show that the fragmentation contributions from three parton correlation could still be sizeable. In the light of those studies, it is possible that the contributions in SIDIS to the sin φ S and sin(2φ h −φ S ) asymmetries from the chiraland T-odd FFH might also be non-negligible. Although it is interesting to investigate the effect ofH to the SSAs in SIDIS, the connection between the TMD-type FF and the collinear-type FF at the twist-3 level is still not clear. Therefore, in this work we will not consider the fragmentation contributions, but will remain them as a future study. In this scenario, then four twist-3 TMD distributions are involved in the transverse SSAs:
The first one contributes to the sin φ S asymmetry, while the second one contributes to the sin (2φ h − φ S ) asymmetry; the last two distributions contribute to both asymmetries through the convolution with the Collins FF.
The remained content of the paper is organized as follows. In Section II, we calculate the TMD distributions f T , f ⊥ T , h T and h ⊥ T for the u and d valence quarks, as it is necessary to know their magnitudes and signs to predict SSAs. As a demonstration we will use the spectatordiquark model developed in Ref. [43] , which is also applied in Ref. [44, 45] . In Section III, using the model results obtained in Section II, we present our prediction on the sin φ S and sin(2φ h −φ S ) asymmetries for charged and neutral pions in SIDIS, considering experimental configurations accessible at HERMES, JLab and COMPASS. Although the TMD factorization at twist-3 level has not been proved [46, 47] , here we would like to adopt a more phenomenological way, i.e., to use the tree level result in Ref. [31] to perform the estimate. Finally, we give our conclusion in Section IV. Sect. II
II. CALCULATION OF TWIST-3 TMD DISTRIBUTIONS IN SPECTATOR-DIQUARK MODEL
In this section, we present the calculation on the four twist-3 TMD distributions in a spectator model, which was developed in Ref. [43] . In this model, the proton is supposed to be constituted by a quark and a diquark, and the diquark can be a scalar particle or an axial-vector one. The relevant diagrams for the calculation are shown in Fig. 1 , which are identical for the scalar and axial-vector cases.
The gauge-invariant quark-quark correlator can be ex- pressed as
For convenience here we adopt the light-cone coordinates [a − , a + , a T ] for an arbitrary four-vector a, with It is often to promote a T to a four-vector a T = [0, 0, a T ], and the scalar product of two transverse four-vectors satisfies
At twist-3 level, the correlator (1) for a transversely polarized nucleon can be decomposed into [31] :
here · · · denotes other twist-3 distributions that are not relevant in our calculation. In the above decomposition
where M (0) is the nucleon-quark-spectator scattering amplitude at the tree level
) † γ 0 corresponds to its Hermitian conjugation, ε µ (P − k, λ a ) is the polarization vector of the axial-vector diquark. The nucleon-quark-diquark vertices Υ s and Υ µ v (s for the scalar diquark and v for the axialvector diquark) have the form [50] 
with g X (k 2 ) (X = s, v) the form factor for the nucleonquark-diquark couplings. In the calculation of T-odd twist-3 TMD distributions, one will encounter the lightcone divergences [46] when using a point-like coupling. To regularize these divergences, we choose the dipolar form factor for g X (k 2 ):
Here, N X and Λ X are the normalization constant and the cut-off parameter, respectively, and L
2
X has the form
Inserting Eqs. (10), (11) and (12) into Eq. (9), we obtain the lowest-order correlator contributed by the scalar diquark component:
and by the axial-vector diquark component:
where
represents the summation over the polarizations of the axialvector diquark.
In the calculation of the T-even distributions
, it is sufficient to apply the lowest-order results (14) and (15) of the correlator. However, to obtain nonzero results for the T-odd distributions
, one has to consider the nontrivial effect of the gange-link [5, 53, 54] , that is, the final-state interaction between the struck quark and the spectator-diquark. Here we consider the one gluon-exchange approximation on the gauge-link, as shown in the right panel of Fig. 1 . Thus the interference of the lowest-order amplitude M (0) and the one-loop-order amplitude M
(1) will give rise to the contribution to the correlator:
After some algebra, we arrive at the contributions of the scalar and the arxial-vector diquarks to the correlator at one-loop level:
is the vertex between the gluon and the scalar diquark or the axial-vector diquark:
where e s/v denotes the charge of the scalar/axial-vector diquark.
Substituting (14) into (5) and (6), we obtain the Teven distributions h T and h ⊥ T contributed by the scalar diquark:
We find that the above expressions are in consistence with the results in Ref. [50] . Similarly, we get the scalar diquark contributions to the T-odd distributions f T and f
which have already been presented in Ref. [52] .
To calculate the quark correlator contributed by the axial-vector diquark, we adopt the following form for the propagator d µν :
which is the summation over the light-cone transverse polarizations of the axial-vector diquark [55] . This form has been applied to calculate leading-twist TMD distributions in Ref. [43] . Similar to the scalar-diquark case, we obtain the distributions contributed by the axial-vector diquark component:
.
The distributions for the u and d valence quarks can be constructed from f s and f v obtained previously. Here we follow the approach in Ref. [43] , in which the two isospin states (isoscalar and isovector) of the axial-vector diquark are distinguished:
where c s , c a and c a ′ are the free parameters of the model, a and a ′ denote the isoscalar and isovector states of the axial-diquark, respectively. These parameters, together with the mass parameters (such as the diquark masses M X , the cut-off parameters Λ X ), are fitted from the ZEUS [56] and GRSV01 [57] parton distributions. Finally, we use the following replacement for the combination of the charges of the quark q and the spectator diquark X to convert our calculation to that in QCD
In this work, the coupling constant α s is chosen as α s ≈ 0.3. In Fig. 2 , we plot the distribution h T as functions of x (left panel) and k T (right panel), respectively. The solid and dashed curves show the results for the u and d valence quarks, respectively. As we can see, in the specified kinematic region (x = 0.3 or k T = 0.3 GeV), the distributions h 
This is an expected result from the time-reversal invariance for integrated distributions, and it indicates that the distribution f T will not give any contribution to the transverse SSA in inclusive DIS process [58, 59] . Finally, in Fig. 5 , we plot the second T-odd distribution f 
III. PREDICTION ON THE TRANSVERSE SSAS FOR CHARGED AND NEUTRAL PIONS IN SIDIS
In this section, we perform our predictions on the transverse SSAs at twist-3 level in SIDIS:
where ↑ denotes the transverse polarization of the proton target, ℓ and ℓ ′ represent the momenta of the incoming and outgoing leptons, and P and P h denote the momenta of the target nucleon and the final-state hadron.
Following the Trento convention [38] , in our calculation we adopt the reference frame shown in Fig. 6 , where P T and S T are the transverse momentum of the detected pion and the transverse spin of the target, and their azimuthal angles with respect to the lepton plane are denoted by φ h and φ S . The invariant variables used to express the differential cross section of SIDIS are defined as
where q = ℓ − ℓ ′ is the four-momentum of the virtual photon, and W is the invariant mass of the hadronic final state.
With the above variables, the differential cross section of the process (33) for an unpolarized beam scattering off a transversely polarized hadron can be expressed as [31] dσ dxdy dzdφ S dφ h dP 2
Here, F UU is the spin-averaged structure function, and terms, and which will not be studied in this work. The ratio of the longitudinal and transverse photon flux ε is given as
Based on the tree-level factorization adopted in Ref. [31] , in the parton model, the structure functions in Eq. (35) can be expressed as the convolutions of twist-2 and twist-3 TMD distributions and FFs. With the notation 
Here, M h is the mass of the final-state hadron andP T = P T PT with P T = |P T |. As stated in Section I, we have neglected the contributions from the twist-3 TMD FFs D ⊥ ,G ⊥ andH in Eqs. (39) and (40) . Therefore, with
Eqs. (38) , (39) and (40), the P T -dependent transverse SSAs A sin φS UT and A sin (2φ h −φS ) UT can be defined as
where we have defined the kinematical factors
The x-dependent and the z-dependent asymmetries can be defined in a similar way. In order to give the numerical prediction on transverse SSAs, we need to know the unpolarized TMD distribution f 1 (x, k 
where p 2 T is the Gaussian width for p 2 T , and we choose its value as 0.2 GeV 2 , following the result in Ref. [60] . For the integrated FFs D q 1 (z), we adopt the leading-order set of the DSS parametrization [61] . As for the Collins function H ⊥ 1 , we adopt the relations below for different pion productions:
where H ⊥ 1f av and H ⊥ 1unf are the favored and unfavored Collins functions, for which we apply the parameterizations from Ref. [62] .
Finally, we also consider the following kinematical constraints [63] on the intrinsic transverse momenta of the initial quarks in our calculation:
The former is obtained by requiring the energy of the parton to be less than the energy of the parent hadron; while the later is given by the requirement that the parton should move in the forward direction with respect to the parent hadron [63] . For the region x < 0.5, there are two upper limits for k 2 T applied in the region x < 0.5 at the same time; it is understood that the smaller one should be chosen. terms, respectively. The solid curves correspond to the total contribution.
A. HERMES
To perform numerical calculation on the transverse SSAs of charged and neutral pion production in SIDIS at HERMES, which can be performed by using an unpolarized positron beam at the energy of 27.6 GeV scattered off a transversely polarized proton target, we adopt the following kinematical cuts [11] : 0.023 < x < 0.4, 0.1 < y < 0.95, 0.2 < z < 0.7,
where E h is the energy of the detected pion in the target rest frame.
In the left, central and right panels of Fig. 7 , we show our prediction on the transverse SSA A sin φS UT at HER-MES for π + , π − and π 0 as functions of x, z, and P T . To distinguish the origins of different contributions, we use the dashed, dotted and dash-dotted curves to denote the contributions from the
term, respectively. The solid curves stand for the total contribution. As we can see, the asymmetry A sin φS UT is positive, the size is around 1% to 2% at the kinematics of HERMES, and the dominant contribution is from the f T D 1 term for all three pions. The contributions from the h T H h T or h ⊥ T is larger than that of the T-odd distribution f T .
In Fig. 8 , we plot the prediction on the SSA A sin(2φ h −φS ) UT vs x, z, and P T . In this case, generally, it is the f ⊥ T D 1 term that gives the main contribution, especially for the x-and P T -dependent asymmetries. The results show that nonzero asymmetry may be observed at 0.2 < x < 0.4 or large P T region, where the size of the asymmetry is the largest. Similar to the case of the SSA A sin φS UT , we also find that the contributions from the h T H Here some comments are in order.
In the P Tdependent asymmetries in Figs. 7 and 8, we have plotted the curves up to P T ∼ 1 GeV, which is close to the typical hard scale Q in the low energy SIDIS experiments. Since the TMD-type formalism is only valid in the region P T ≪ Q, we admit that using the TMD formalism to predict the asymmetries at P T ∼ 1 GeV may not be a good choice. Nevertheless, we still show the results at large P T in Figs. 7 and 8 for the possible comparison with data in the future. ton, and we adopt the following kinematics in the calculation:
In the upper panel of Fig 9 , we plot our estimate on A sin φS UT at beam energy 5.5GeV at JLab for π + , π − and π 0 as functions of x, z, and P T , respectively. We find that the magnitude of the asymmetry A to be negative at higher P T , which is similar to tendency at HERMES. This coincides with the k T -dependence of the distribution f T .
Similarly, we plot the results for A As an 11 GeV electron beam will be available at JLab very soon after the energy upgrading, for completeness we also predict the sin φ S and sin(2φ h − φ S ) asymmetries at the following kinematics 0.08 < x < 0.6, 0.2 < y < 0.9,
The results are shown in the lower panels of Figs. 9 and 10. We find that the sizes and signs of the asymmetries at 11GeV are similar to the results of 5.5 GeV.
C. COMPASS
For a further comparison, we also make the prediction on the transverse asymmetries at COMPASS with a muon beam of 160 GeV scattered off the proton target. We show the results for the asymmetries A sin φS UT and A sin(2φ h −φS ) UT in Figs. 11 and 12, respectively. In this calculation, we adopt the following kinematical cuts [16] : 0.004 < x < 0.7, 0.1 < y < 0.9, z > 0.2,
Our prediction shows that again the f T D 1 term dominates the asymmetry A sin φS UT , and its size is about 1%, which is clearly smaller than that at HERMES and JLab. This is because the Q 2 at COMPASS (1. [19] ), and the effect under study appears at subleading twist, thereby its size is suppressed by a factor 1/Q. In the case of the asymmetry A sin (2φ h −φS) UT , the main contribution is from the f ⊥ T D 1 term (except the asymmetries for π + and π − in large P T region), similar to the case at HERMES.
IV. CONCLUSION
In this work, we studied the role of the twist-3 TMD distributions in the transverse SSAs. We calculated the T-even twist-3 TMD distributions h T and h ⊥ T , together with the T-odd twist-3 TMD distributions f T and f ⊥ T , for the u and d valence quarks, in a spectator model with both the scalar and axial-vector diquarks. In the calculation, we considered the differences between the isoscalar (ud-like) and the isovector (uu-like) spectators for the axial-vector diquark. We employed the one-gluon exchange between the struck quark and the spectator to generate the T-odd structure, and chose the dipolar form factor for the nucleon-quark-diquark coupling to obtain finite results. We also presented the flavor dependence of the four twist-3 TMD distributions as functions of x and k T , respectively. Using the model results on the TMD distributions, for the first time we analyzed the transverse SSAs A sin φS UT and A sin(2φ h −φS) UT for charged and neutral pion production in SIDIS at the kinematics of HERMES, JLab and COMPASS. We find that the estimated asymmetries are sizable, especially at HERMES and JLab, where the mag-nitude of the asymmetries can reach to 3 per cent at most. Furthermore, the comparison between different origins of the asymmetries shows that the T-odd twist-3 TMD distributions play an important role in these asymmetries. For the sin φ S asymmetry, the f T D 1 term dominates in π + , π − and π 0 production, while the h T H ⊥ 1 and h
terms are almost negligible. Also, the asymmetry from the f T D 1 term tends to be positive at small P T region, while it turns to be negative in large P T region, due to the k T -shape of the distribution f T . For the sin(2φ h −φ S ) asymmetry, in the most cases, the main contribution is from the f terms might be observed in the asymmetry for π − production at JLab, according to our numerical calculation.
Based on the above results, we conclude that sizable sin φ S and sin(2φ h − φ S ) asymmetries may be accessible at the kinematics of HERMES, JLab and COMPASS, by performing the SIDIS experiments on the transverse polarized proton target or analyzing the available data. The measurements on the P T -dependence of the asymmetry A sin φS UT may be employed to test the transverse momentum dependence of the distribution f T , e.g., the existence of a node of f T in k T . Moreover, measuring the sin φ S and sin(2φ h − φ S ) asymmetries for π 0 production, in which the contributions from h T and h ⊥ T are negligible, are viable to provide clean probes on both the distributions f T and f ⊥ T . Future experiments on these aspects can deepen our understanding on the role of twist-3 TMD distributions in transverse spin asymmetries.
